Low-temperature evolution of hydrocarbon gases from coal by Kim, Ann G. & United States. Bureau of Mines.
Bureau of Mines Report of Investigations/l974 
Low-Temperature Evolution 
of Hydrocarbon Gases From Coal 
UNITED STATES DEPARTMENT OF THE INTERIOR 
Report of Investigations 7965 
Low-Temperature Evolution 
of Hydrocarbon Gases From Coal 
By Ann G. Kim 
Pittsburgh Mining and Safety Research Center, Pittsburgh, Pa. 
UNITED STATES DEPARTMENT OF T H E  INTERIOR 
Rogers C. B. Morton, Secretary 
BUREAU OF MINES' 
Thomas V.-Falkie, ~ i r - e c t o r  
CONTENTS 
A b s t r a c t  ................................................................ 1 
I n t r o d u c t i o n  ....................... ..................................... 1 
Forma t ion  and r e t e n t i o n  o f  hydroca rbon  g a s e s  i n  c o a l  .................... 2 
Exper imen ta l  method ..................................................... 7 
R e s u l t s  ................................................................. 9 
D i s c u s s i o n  .............................................................. 1 5  
S u m r y  ................................................................. 18 
Refe rences  .............................................................. 20 
ILLUSTRATIONS 
1 . Carbon c y c l e  ........................................................ 3 
2  . T o t a l  hydroca rbons .  125" C ......................................... 1 2  
.......... 3 . C o n c e n t r a t i o n  o f  methane v e r s u s  t o t a l  hydroca rbons .  125" C 1 2  
........ 4 . Average  n o r m a l i z e d  d i s t r i b u t i o n  o f  hydroca rbon  g a s e s .  125"  C 1 3  
5 . Average  normalyzed  d i s t r i b u t i o n  o f  t o t a l  i n c r e a s e  i n  hydroca rbon  
g a s e s .  AT = 125" t o  150" C ........................................ 1 4  
.......... 6 . C o n c e n t r a t i o n  of  methane v e r s u s  t o t a l h y d r o c a r b o n s .  150" C 1 5  
... 7 . T o t a l  hydroca rbons .  150"  C ....................................... 16  
TABLES 
1 . Gases produced d u r i n g  c o a l i f i c a t i o n  ................................. 5 
2 . D e s c r i p t i o n  o f  c o a l  samples  ......................................Do. 7 
3 . Average  c o m p o s i t i o n  o f  hydroca rbon  g a s e s  evo lved  from c o a l  a t  
35" C. ppm ....................................................... 9 
Composi t ion  o f  hydroca rbon  g a s e s .  u n s i z e d  f r a c t i o n .  125" C .......... 1 0  
Composi t ion  o f  hydroca rbon  g a s e s .  60/80-mesh f r a c t i o n .  125" C ....... 1 0  
... Composi t ion  o f  hydroca rbon  g a s e s  . minus 200-mesh f r a c t i o n .  125"  C 11 
Hydrocarbon c o m p o s i t i o n .  u n s i z e d  f r a c t i o n .  1.50. C. ppm .............. 1 3  
Hydrocarbon compos i t i on .  60/80=mesh f r a c t i o n .  150" C. ppm ........... 1 3  
Hydrocarbon c o m p o s i t i o n .  minus 2 0 0 m e s h  f r a c t i o n .  150" C. ppm ....... 1 4  
........... B o i l i n g  p o i n t  and  h e a t s  o f  f o r m a t i o n  o f  hydrocarbon g a s e s  17 
H e a t s  o f  a d s o r p t i o n  (Q, ) of h y d r o c a r b o n  on ca rbon  b l a c k .  k c a l / m o l e  .. 1 8  
LOW-TEMPERATURE E V O L U T I O N  OF HYDROCARBON GASES 
FROM C O A L '  
by 
Ann Go K i m 2  
ABSTRACT 
Hydrocarbon gases ,  p r imar i l y  methane but a l s o  t h e  C, through C, 
p a r a f f i n s ,  t he  and C, o l e f i n s  and poss ib ly  the  Cq and C5 o l e f i n s ,  a r e  
byproducts of c o a l  formation.  Although i t  i s  genera l ly  bel ieved t h a t  coa l  
formation occurred a t  temperatures  below 200" C ,  most experimental  work on 
gas formation from coa l  has  been performed a t  temperatures between 200" and 
l,OOO°C. The o b j e c t i v e  of t h i s  Bureau of Mines experiment was t o  determine 
i f  observable  changes i n  t h e  gases from coa l  could be produced a t  tempera- 
t u r e s  below 200" C i n  r e l a t i v e l y  s h o r t  per iods of t ime.  The experiment 
involved h e a t i n g  coa l  samples from s i x  coalbeds a t  cons tan t  temperatures  and 
ana lyz ing  evolved gases .  The composition o f  the  gases a t  t h r e e  temperatures 
was compared. A t  35" C ,  ove r  99 pc t  of t h e  gas i s  methane; a t  125" and 150° ,  
methane c o n s t i t u t e s  approximately h a l f  of  the hydrocarbon gas .  Isobutane and 
pentane a r e  t h e  predominant h ighe r  hydrocarbons a t  temperatures between 100" 
and 150" C .  
INTRODUCTION 
Coal i s  a n  e s s e n t i a l  sou rce  of  energy f o r  the  presen t  and the  f u t u r e .  
However, t o  e f f i c i e n t l y  u t i l i z e  ou r  c o a l  resources ,  i t  w i l l  be necessary  t o  
s i g n i f i c a n t l y  improve the  s a f e t y  of  c o a l  mining. The con t inua l  r e l e a s e  of  
methane from c o a l  and t h e  p o t e n t i a l  formation of explosive mix tures  i n  t he  
mine atmosphere comprise one of t h e  hazards  a s soc i a t ed  with c o a l  mining. 
I n  i t s  e f f o r t s  _to improve methane c o n t r o l ,  the  Bureau of Mines has conducted 
research  i n  t he  a p p l i c a t i o n  of advanced mining technology,  t h e  development of 
r e l i a b l e  moni tor ing  in s t rumen ta t i on ,  and the  determinat ion of p h y s i c a l ,  geo - 
l o g i c a l ,  and geochemical f a c t o r s  t h a t  a f f e c t  the  r e t e n t i o n  and r e l e a s e  of  
gas i n  c o a l .  
It has  been known, probably s i n c e  t h e  beginning of mining, t h a t  c o a l  
conta ins  a  combustible gas ,  sometimes i n  s u f f i c i e n t  q u a n t i t y  f o r  t he  coalbed 
co he d a t a  i n  t h i s  p u b l i c a t i o n  were submitted a s  a  t h e s i s  t o  the Un ive r s i t y  
1 o-f P i t t s b u r g h  i n  p a r t i a - l  f u l f i l - l m e n t - o f  t he  requirements f o r  the  degree  
of Master of Science.  - - . 
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t o  s e r v e  a s  a  s o u r c e  o f  n a t u r a l  gas  (41)  ." I t  was o r i g i n a l l y  b e l i e v e d  t h a t  -
t h e  h y d r s c a r b o n  gas  i n  c o a l  c o n s i s t e d  e n t i r e l y  of methane .  Approximate ly  
50  y e a r s  a g o  e t h a n e  was a l s o  d e t e c t e d  i n  coa lbed  g a s e s ,  b u t  was a t t r i b u t e d  
t o  c o n t a m i n a t i o n  from n a t u r a l  gas  h o r i z o n s  below t h e  c o a l  (38). With t h e  
development  o f  gas  chromatography,  a  comple a n a l y s i s  o f  c o a l  g a s e s  became 
p o s s i b l e .  The number of  a n a l y s e s  performed t o  d a t e  i s  r e l a t i v e l y  s m a l l ,  
b u t  t h e y  have  e s t a b l i s h e d  t h a t  t h e  gas  from c o a l  c o n t a i n s  t h e  C2 th rough  C 5  
p a r a f f i n s ,  t h e  C, and Cg o l e f i n s ,  and p o s s i b l y  t h e  C, and C5 o l e f i n s  i n  
a d d i t i o n  t o  m e t h a n e ,  ca rbon  d i o x i d e ,  oxygen ,  n i t r o g e n ;  hydrogen and hel ium 
a l s o  o c c u r  i n  c o a l  gas  i n  v a r y i n g  amounts (c, 19, 24-25,  30). 
C u r r e n t  v e n t i l a t i o n  p rocedures  c a n  be s u c c e s s f u l l y  a p p l i e d  by t r e a t i n g  
t h e  c o a l  g a s  a s  methane a l o n e .  I n  f u t u r e  mine deve lopment s ,  i t  may be n e c e s -  
s a r y  t o  t r e a t  t h e  g a s  a s  t h e  mul t icomponent  m i x t u r e  i t  i s .  T h i s  would 
r e q u i r e  more  e x t e n s i v e  knowledge o f  t h e  f o r m a t i o n  and c o m p o s i t i o n  o f  hydro-  
c a r b o n  g a s e s  i n  c o a l .  Al though c o a l  f o r m a t i o n  and t h e  a s s o c i a t e d  f o r m a t i o n  
o f  hydroca rbon  g a s e s  i s  b e l i e v e d  t o  have  occur red  a t  t e m p e r a t u r e s  below 
200°C o v e r  v e r y  l o n g  p e r i o d s  o f  t ime ( 1 3 ,  4 4 ) ,  most e x p e r i m e n t a l  s t u d i e s  of - - 
g a s  f o r m a t i o n  from c o a l  have been performed a t  t e m p e r a t u r e s  from 200" t o  
1 ,000" C (6, 16, 28, 21). S i n c e  c o a l  decompos i t ion  o c c u r s  a t  t e m p e r a t u r e s  
above 400" C, i t  i s  p o s s i b l e  t h a t  t h e  g a s  produced d u r i n g  t h e s e  i n v e s t i -  
g a t  i o n s  i s  subs  t a n t i a l l y  d i f f e r e n t  from t h e  gas  produced d u r i n g  c o a l i f  i c a t i o n .  
The o b j e c t i v e  o f  t h e  p r e s e n t  e x p e r i m e n t  was t o  d e t e r m i n e  i f  o b s e r v a b l e  
changes  i n  t h e  g a s e s  from c o a l  cou ld  b e  produced i n  s h o r t  p e r i o d s  o f  t ime  
a t  t e m p e r a t u r e s  below 200" C .  The e x p e r i m e n t a l  method c o n s i s t e d  o f  h e a t i n g  
c o a l  s amples  a t  a c o n s t a n t  t e m p e r a t u r e  and  a n a l y z i n g  t h e  g a s e s  e v o l v e d .  The 
c o m p o s i t i o n  o f  g a s e s  produced a t  t h r e e  d i f f e r e n t  t e m p e r a t u r e s  was compared 
f o r  c o a l  samples  from s i x  c o a l b e d s .  The r e s u l t s  from t h i s  expe r imen t  canno t  
be  used t o  e l u c i d a t e  e i t h e r  t h e  mechanism o r  k i n e t i c s  o f  g a s  p r o d u c t i o n .  
The method d o e s  n o t  pe rmi t  making a  d i s t i n c t i o n  between d e s o r b e d  and formed 
g a s e s .  However, t h e  r e s u l t s  o f  t h i s  e x p e r i m e n t  d e m o n s t r a t e  t h a t  t h e  gas  
evo lved  from c o a l  a t  t e m p e r a t u r e s  be low 200" C i n c l u d e s  s a t u r a t e d  and u n s a t -  
u r a t e d  h y d r o c a r b o n s  i n  a d d i t i o n  t o  methane  and  t h a t  t h e  c o m p o s i t i o n  o f  t h e  
g a s  i s  r e l a t e d  t o  t e m p e r a t u r e .  The low-tempera ture  e v o l u t i o n  o f  a  complex 
gas  m i x t u r e  from c o a l ,  a s  shown i n  t h i s  and o t h e r  s t u d i e s  (43, - 4 5 )  s u p p o r t s  
t h e  t h e o r y  t h a t  hydroca rbon  gas  fo rma t  i o n  d u r i n g  c o a l i f  i c a t i o n  canno t  be 
d e s c r i b e d  by a  s  imple  demethana t ion  mechanism. 
Hydrocarbon g a s e s ,  p r i m a r i l y  methane  b u t  a l s o  most o f  t h e  C, t h rough  C5  
p a r a f f i n s  and  o l e f i n s ,  a r e  byproduc t s  o f  c o a l  f o r m a t i o n .  C o a l i f i c a t i o n  i s  
t h a t  p o r t i o n  o f  t h e  ca rbon  c y c l e  by which  a  s e r i e s  o f  b i o c h e m i c a l  and geochem- 
i c a l  r e a c t i o n s  t r a n s f o r m  p l a n t  m a t e r i a l  i n t o  a  combus t ib l e  s o l i d  ( f i g .  1 ) .  
The r a n k  d e s i g n a t i o n s  l i g n i t e ,  brown c o a l ,  h i g h - ,  medium-, and  low-vo la t  i l e  
b i tuminous  c o a l ,  and a n t h r a c i t e  a r e  r o u g h l y  e q u i v a l e n t  t o  d i f f e r e n t  s t a g e s  
i n  a s e q u e n t i a l  t r a n s f o r m a t i o n  from low-rank t o  h igh- rank  c o a l s .  The 
3 ~ n d e r l i n e d  numbers i n  p a r e n t h e s e s  r e f e r  t o  i t ems  - i n  t h e  l i s t  o f  r e f e r e n c e s  
a t  t h e  end o f  t h i s  r e p o r t .  
p r o g e n i t o r s ,  t h e  environment 
o f  d e p o s i t i o n ,  the  degree  of  
metamorphism, and postdepo- 
s i t i o n a l  h i s t o r y  a r e  f a c t o r s  
t h a t  i n f l u e n c e  t h e  p r e s e n t  
c o n d i t i o n  of  a  coa lbed .  
C o a l i f  i c a t i o n  begins  
wi th  a  b iochemical  s t a g e ,  
dur ing  which p l a n t  m a t e r i a l s  
a r e  p a r t i a l l y  decomposed, 
humic m a t e r i a l s  a r e  formed, 
and pea t  accumula tes .  For 
t h e  fo rmat ion  of p e a t  
[def ined a s  a n  unconso l i -  
toss11 fuel d a t e d ,  h y d r o p h i l l i c  , carbon-  
aceous sediment  (3711, 
abundant p l a n t  m a t e r i a l s ,  a  
s u i t a b l e  c l i m a t e ,  a r e a s  f o r  
a c c m u l a t  i n g  d e p o s i t s  of 
p l a n t  r e s i d u e s ,  and a  means 
of  p r e s e r v i n g  t h e  carbon-  
aceous sed iments  a r e  
r e q u i r e d .  Hydrocarbon gases  
produced d u r i n g  t h e  b iogen ic  
s t a g e  i n c l u d e  methane and 
t r a c e  amounts o f  e t h a n e ,  e t h -  
y l e n e ,  propane,  propylene , 
t h e  b u t a n e s ,  and pentanes  . 
FIGURE 1. - Carbon cycle. The gases  a r e  r e t a i n e d  by 
a d s o r p t i o n  on the  p e a t .  
There  i s  e v i d e n t l y  no p r e f e r e n t i a l  c o n c e n t r a t i o n  of t h e  h i g h e r  hydrocarbons 
i n  t h e  p e a t  d e p o s i t  (20) .  - I n u n d a t i o n  by w a t e r  and t h e  d e p o s i t i o n  o f  i n o r -  
g a n i c  sed iments  u s u a l l y  t e r m i n a t e  t h e  development o f  t h e  p e a t  bog and i n i -  
t i a t e  t h e  geochemical  phase  o f  c o a l i f i c a t i o n .  
The geochemical  s t a g e s  o f  c o a l i f  i c a t i o n  can  be d e s c r i b e d  a s  a  s e r i e s  of  
c h e m i c a l  r e a c t i o n s  i n v o l v i n g  a n  i n c r e a s e  i n  t h e  a romat ic  c h a r a c t e r  o f  t h e  
c o a l  and t h e  l o s s  of  hydrogen,  oxygen,  and some carbon (12, 14, 23). A f t e r  
t h e  p e a t  i s  removed from t h e  b i o s p h e r e ,  i n c r e a s i n g  overburden p r e s s u r e  com- 
p r e s s e s  and d e s i c c a t e s  t h e  sed iment .  It h a s  been e s t i m a t e d  t h a t  between 10  
and  20 f t  o f  p e a t  a r e  e v e n t u a l l y  compressed t o  1 f t  o f  c o a l  (2). Mois tu re  
c o n t e n t  d e c r e a s e s  from between 88 t o  97 p c t  f o r  p e a t  t o  20 p c t  f o r  l i g n i t e  
a s  t h e  c o n c e n t r a t i o n  o f  humic a c i d s  i n c r e a s e s .  The humic a c i d s  a r e  a  group 
o f  polycondensed a romat ic  compounds w i t h  a l i p h a t i c  s i d e  c h a i n s  c o n t a i n i n g  
a c t i v e  methoxy l ,  c a r b o x y l ,  and  c a r b o n y l  g r o u p s .  During c o a l i f i c a t i o n ,  
removing o r  c l o s i n g  t h e  s i d e  c h a i n s  l e a d s  t o  a n  i n c r e a s e  i n  a r o m a t i c  c o n t e n t .  
The c o n c e n t r a t i o n  of  humic a c i d s  d i m i n i s h e s  i n  more mature  brown c o a l s  and 
becomes n e g l i g i b l e  i n  b i tuminous  c o a l s  b e c a u s e  t h e  humic a c i d s  a r e  o x i d i z e d  
t o  n e u t r a l  compounds (27) .  T h e  t r a n s i t i o n  from - l i g n i t e  t o  bituminous c o a l s  
i s  c h a r a c t e r i z e d  by t h e  removal o f  a l i p h a t i c  s i d e  cha ins  c o n t a i n i n g  oxygen. 
The t r a n s i t i o n  from h i g h - v o l a t i l e  t o  med ium-vo la t i l e  b i tuminous  c o a l s  
i n v o l v e s  t h e  removal  of m e t h y l  and  rnethylene g roups .  Aromatic c l u s t e r s  grow 
l a r g e r  and form larnel lae  o r i e n t e d  p a r a l l e l  t o  t h e  bedding p l a n e  (42).  Dur ing  
d i a g e n e s i s  t o  t h e  l o w - v o l a t i l e  s t a g e ,  waxy and r e s i n o u s  m a t e r i a l  a r e  i n c o r -  
p o r a t e d  i n t o  t h e  c o a l .  I n  low-rank coa 1s  , e x t r a c t a b l e  p a r a f f i n i c  hydro -  
c a r b o n s  show a n  odd carbon number p r e f e r e n c e ;  t h e  d i s t r i b u t i o n  o f  odd t o  
even c a r b o n  numbers becomes more n e a r l y  e q u a l  i n  h i g h e r  r ank  c o a l s ,  t h e  
change be ing  a  f u n c t i o n  o f  t h e  d e g r e e  of  d i a g e n e s i s  (5) .  The f o r m a t i o n  of  
a n t h r a c i t e  i n v o l v e s  r i n g  c o n d e n s a t i o n  and t h e  growth of  l a r g e  a r o m a t i c  c l u s -  
t e r s  w i t h  a  g r a p h i t e l i k e  s t r u c t u r e .  A t  t h i s  s t a g e ,  t h e  c o a l  i s  composed o f  
v e r y  l a r g e  m i c e l l e s  i n  a  more o r  l e s s  o r d e r e d  ar rangement  (44). 
The e l e m e n t a l  r a t i o s  o f  c a r b o n  t o  hydrogen and ca rbon  t o  oxygen change 
w i t h  r a n k .  With  a n  i n c r e a s e  i n  r a n k ,  t h e  a l i p h a t i c  H/C r a t i o  d e c r e a s e s  w h i l e  
t h e  a r o m a t i c  H / C  r a t i o  i n c r e a s e s .  The p r o p o r t i o n  of  a r o m a t i c  t o  a l i p h a t i c  
c a r b o n  a l s o  i n c r e a s e s  (10, 2). E a r l y  i n  t h e  c o a l i f  i c a t i o n  s e q u e n c e ,  
i n f r a r e d  s p e c t r a  shows a  d e c r e a s e  i n  a b s o r p t i o n  due t o  s t r e t c h i n g  b a n d s ,  
p a r t i c u l a r l y  t h e  hydroxyl  and  e i t h  l i n k a g e s .  The re  i s  a  d e c r e a s e  i n  a b s o r p -  
t i o n  due t o  a l i p h a t i c  ca rbon  and  hydrogen ,  i n c l u d i n g  t h e  e l i m i n a t i o n  o f  c a r -  
bony1 g r o u p s ,  and a n  i n c r e a s e  i n  a r o m a t i c  c h a r a c t e r  due t o  t h e  growth o f  
p o l y n u c l e a r  condensed r i n g  s t r u c t u r e s  (23). 
P r e s s u r e ,  t e m p e r a t u r e ,  and t i m e  i n f l u e n c e  t h e  c o a l i f i c a t i o n  r e a c t i o n s .  
I n  t h e  e a r l y  s t a g e s  of c o a l  f o r m a t i o n ,  s t a t i c  v e r t i c a l  p r e s s u r e ,  due  t o  t h e  
w e i g h t  of  o v e r l y i n g  s e d i m e n t s ,  c a u s e s  compact ion ,  d e c r e a s e s  i n  p o r o s i t y ,  and 
l o s s  o f  m o i s t u r e  i n  low r a n k  c o a l s  ( 1 1 ) .  I n  h i g h e r  r a n k  c o a l s ,  e x p e r i m e n t a l  
d a t a  s u g g e s t s  t h a t  h igh  p r e s s u r e  m a y P i t h e r  cause  d e p o l y m e r i z a t i o n  (E) o r  a n  
i n c r e a s e  i n  t h e  g r a p h i t e  s t r u c t u r e  due t o  r i n g  condensa t ion  (E) . During 
p e r i o d s  of  p o s t - d e p o s i t i o n a l  f o l d i n g ,  c o a l  i s  s u b j e c t  t o  h o r i z o n t a l  o r  s h e a r  
p r e s s u r e s  c a u s e d  by t e c t o n i c  f o r c e s ,  and i n c r e a s e s  i n  r ank  c a n  be r e l a t e d  t o  
f o l d i n g  o r  r e g i o n a l  u p l i f t  ( 7 ,  - - 4 0 ) .  
Tempera tu re  i s  g e n e r a l l y  c o n s i d e r e d  t o  be t h e  most impor tan t  f a c t o r  i n  
t h e  c a t a l y s i s  o f  chemical  changes  d u r i n g  c o a l i f i c a t i o n .  C o n t a c t  metamorphism,  
i n c r e a s e d  t e m p e r a t u r e  w i t h  d e p t h ,  and t h e r m a l  c o n d u c t i v i t y  o f  a d j a c e n t  r o c k s ,  
which  r e l a t e  t h e  d e g r e e  o f  coa  l i f  i c a t i o n  t o  t e m p e r a t u r e ,  i n d i c a t e  t h a t  c o a l -  
fo rming  r e a c t i o n s  probably  o c c u r r e d  below 200" C .  Even a t  t h i s  r e l a t i v e l y  
low t e m p e r a t u r e ,  e s t i m a t e d  r a t e s  of r e a c t i o n  cou ld  produce  a l l  c o a l s  t h r o u g h  
a n t h r a c i t e  i n  g e o l o g i c a l l y  r e a s o n a b l e  p e r i o d s  of t ime (13). The l e n g t h  o f  
t ime  a  c o a l  i s  exposed t o  a  p a r t i c u l a r  t e m p e r a t u r e  a f f e c t s  t h e  d e g r e e  of 
r a n k  a t t a i n e d ,  a  long t ime a t  a  low t e m p e r a t u r e  be ing  e q u i v a l e n t  t o  a  s h o r t  
t ime  a t  a  h i g h e r  t e m p e r a t u r e  ( 4 2 ) .  - 
Based on changes  i n  e l e m e n t a l  c o m p o s i t i o n ,  Mott  proposed gaseous  
p r o d u c t s  f o r  changes  i n  r a n k  (31). By u s i n g  t h e  d e c r e a s e  i n  t h e  p e r c e n t a g e  
o f  C ,  H ,  and  0 pe r  t h e  n e t  i n c r e a s e  i n  f i x e d  c a r b o n ,  Mott  c a l c u l a t e d  t h e  
r e l a t i v e  amounts of  CH, , CO, , S O ,  and Y t h a t  c o u l d  p o s s i b l y  be formed 
- d u r i n g  t r a n s i t i o n s  t o  h i e h e r  r a n k  ( t a b l e  1 ) .  Even w i t h  t h i s  s i m p l e  a p p r o a c h  
and w i t h o u t  i n c l u d i n g  h i g h e r  m o l e c u l a r  we igh t  hydroca rbons ,  more t h a n  
one s e t  o f  r e a c t i o n  p roduc t s  i s  u s u a l l y  p o s s i b l e  f o r  each t r a n s i t i o n .  No 
a t  tempt was made t o  c o r r e l a t e  t h e  h y p o t h e t i c a l  r e a c t i o n  p roduc t s  wi th  
a c t u a l  c o a l b e d  gases .  
TABLE 1 .  - Gases ~ r o d u c e d  d u r i n g  c o a l i f i c a t i o n  (31) 
Low-rank l i g n i t e . .  . . . . .  I Low-rank b i t u m i n o u s . .  . . .  . I  C02 
Gaseous r e a c t i o n  p r o d u c t s  
( i )  62%O + 9 CH, 
( i i )  64% + BCY, + CO, 
Change 
From-- 1 To-- 
Medium-rank 
b i tuminous  ( a ) .  
Wood . . . . . . . . . . . . . . . . . . .  
Low-rank b i tuminous .  . . .  
Medium-rank 
b i t m i n o u s  (b)  . 
Low-rank l i g n i t e  . . . . . . . . .  
Medium-rank 
bi tuminous  ( a ) .  
Med ium-ra nk 
b i tuminous  ( b ) .  
( i )  CH, + 8C0, 
( i i )  10$0 + 3CH4 + 7c0, 
( i )  6CH4 + 4  CO, 
( i i )  5%O + 3CH, + CO, 
S e m i a n t h r a c i t e . .  ....... I A n t h r a c i t e . .  . . . . . . . . . . . .  . I  H , O  + 36CH, 
. . . . . . . . . . .  Semianthrac  i t e  
I n  p y r o l y s i s  exper iments  on  low-rank c o a l s  a t  t e m p e r a t u r e s  between 150" 
and 1 , 0 0 0 "  C ,  t h e  primary gaseous  r e a c t i o n  p r o d u c t s  a r e  ca rbon  monoxide and 
c a r b o n  d  i o x i d e  , a l t h o u g h  methane and h i g h e r  hydrocarbons  have  been d e t e c t e d  
(16 ,  - - 3 5 ) .  I f  no a t t e m p t  i s  made t o  l i m i t  t h e  amount of  oxygen a v a i l a b l e  
d u r i n g  t h e  exper iment  o r  t o  remove p r e v i o u s l y  so rbed  oxygen,  o x i d a t i o n  w i l l  
be  t h e  p r imary  r e a c t i o n  (a, The o x i d a t i o n  r e a c t i o n s  o c c u r  r e a d i l y  a t  a l l  
t e m p e r a t u r e s  and could  obscure  t h e  e f f e c t  o f  low t e m p e r a t u r e s  on  the  form- 
a t i o n  o f  hydrocarbon g a s e s .  
( i )  72 CH4 + 19c02 
( i i )  16$0 + 64CH4 + 11C0, 
I n  t h e  absence  o f  d e f i n i t i v e  e x p e r i m e n t a l  e v i d e n c e ,  proposed mechanisms 
o f  hydroca rbon  gas  f o r m a t i o n  d u r i n g  coa l i f  i c a t i o n  must be cons ide red  specu-  
l a t  i v e .  However, t h e r e  a r e  s e v e r a l  p l a u s i b l e  mechanisms by which t h e s e  
g a s e s  c o u l d  be produced d u r i n g  c o a l  f o r m a t i o n .  Methane cou ld  be produced 
by removing a l k y l  s i d e  c h a i n s  from a r o m a t i c  molecu les  o r  by t h e  decomposi t ion  
of  l a r g e  s t r a i g h t  -chain  m o l e c u l e s .  It c o u l d  a l s o  form a s  s t r a i g h t  -chain  
m o l e c u l e s  a r e  condensed t o  r i n g  s t r u c t u r e s .  These  mechanisms accoun t  f o r  
obse rved  i n c r e a s e s  i n  a r o m a t i c  c h a r a c t e r  w i t h  r ank  (4, 2). I n  low-rank 
c o a l s ,  r e s i n s  and waxes can  be c o n v e r t e d  t o  m i x t u r e s  of  hydroca rbons ;  t h e  
d e c o m p o s i t i o n  of  e x i n i t e  a l s o  y i e l d s  methane (5, 2). It h a s  a l s o  been 
s u g g e s t e d  t h a t  methane cou ld  form i n  a  l a t e r  s t a g e ,  w i t h  e t h a n e ,  e t h y l e n e ,  
and hydrogen a s  t h e  primary decompos i t ion  p r o d u c t s .  Methane would t h e n  be 
produced by a  secondary  r e a c t i o n  o f  t h e s e  g a s e s  (9). I f  C3 through C5 
hydroca rbons  a r e  a l s o  produced from t h e  c o a l ,  t h e y  could decompose f u r t h e r  
t o  me thane ,  wi th  t h e  c o a l  a c t i n g  a s  a  c a t a l y t i c  s u r f a c e .  The r e d u c t i o n  o f  
ca rbon  d i o x i d e  t o  methane i s  a l s o  p o s s i b l e .  C a r b o n - d i o x i d e  i s  b e l i e v e d  t o  
form e a r l y  i n  t h e  c o a l i f i c a r i o n  p r o c e s s ,  p r o b a b l y - b y  o x i d a t i o n  i n  t h e  
P r e s e n c e  o f  occ luded oxygen o r  by removal  o f  c a r b o s y l  groups from low rank 
b i tuminous  c o a l s .  With i n c r e a s e d  r a n k ,  t h e  CO, /CH, r a t i o  d e c r e a s e s  ( 9 ) .  
G e n e r a l l y ,  t h e  r a t i o  of hydrocarbon g a s  t o  C02 i s  b e l i e v e d  t o  i n c r e a s e  w i t h  
i n c r e a s e d  r a n k ,  and t h e  pe rcen tage  of  h i g h e r  hydroca rbons  d e c r e a s e s  (43). 
The pos t d e p o s i t i o n a l  h i s t o r y  o f  t h e  c o a l  d e p o s i t  s t r o n g l y  a f f e c t s  t h e  
amount o f  gas  r e t a i n e d  i n  t h e  bed .  P h y s i c a l l y ,  c o a l  i s  d e s c r i b e d  a s  a  s o l i d  
c o l l o i d ;  t h a t  i s ,  a s o l i d ,  h i g h l y  porous  d i s p e r s i o n  o f  d i s c r e t e  p a r t i c l e s .  
The p o r o s i t y  o f  t h e  c o a l  i s  d e f i n e d  a s  t h e  volume-percentage  occupied  by 
v o i d s .  C o a l  h a s  two d i s t i n c t  p o r e  sys t ems  : The macropore  sys t em,  c o n s i s t i n g  
o f  c r a c k s  and f r a c t u r e s ;  and t h e  m i c r o p o r e  s y s t e m ,  s i m i l a r  t o  a  molecu la r  
s i e v e  s t r u c t u r e .  The mic ropores  have  a n  a v e r a g e  d i a m e t e r  o f  5 t o  20 Ang- 
s t r o m s  and a  v e r y  l a r g e  s u r f a c e  a r e a .  Gas i n  c o a l b e d s  c a n  e x i s t  a s  f r e e  gas  
i n  t h e  macropore  system o r  adso rbed  on t h e  s u r f a c e  o f  t h e  mic ropores  (2). 
The a d s o r p t i o n  o f  a  g a s  on  a s o l i d  may be e i t h e r  p h y s i c a l  o r  chemica l .  
P h y s i c a l  a d s o r p t i o n  depends on van  d e r  W a a l ' s  f o r c e s  between t h e  a d s o r b e n t  
and  t h e  a d s o r b a t e ,  p r e s s u r e ,  and  t e m p e r a t u r e .  It i s  e x o t h e r m i c  (AH<10 k c a l / g )  
and  p roduces  adso rbed  l a y e r s  s e v e r a l  m o l e c u l e s  t h i c k .  A d s o r p t i o n  i s  a p p r e -  
c i a b l e  o n l y  a t  t empera tu res  below t h e  b o i l i n g  p o i n t  o f  t h e  a d s o r b a t e .  Chem- 
i s o r p t i o n  r e s u l t s  from a  t r a n s f e r  o f  e l e c t r o n s  be tween t h e  s o l i d  and t h e  
a d s o r b e d  m o l e c u l e .  I n  e f f e c t ,  a  c h e m i c a l  compound i s  formed a t  t h e  s u r f a c e  
o f  t h e  s o  l i d .  Chemisorbed l a y e r s  a r e  unimo l e c u l a r  . Chemisorpt ion  u s u a l l y  
i n v o l v e s  h i g h e r  h e a t s  o f  a d s o r p t i o n  (bH>20 k ~ a l / ~ ) .  It i s  a n  a c t i v a t e d  
p r o c e s s  t h a t  p roceeds  a t  a  f i n i t e  r a t e ,  which  i n c r e a s e s  r a p i d l y  w i t h  
i n c r e a s e d  t e m p e r a t u r e .  Adsorp t ion  c a n  o c c u r  a t  t e m p e r a t u r e s  above t h e  b o i l -  
i n g  p o i n t  o f  t h e  a d s o r b a t e  (2, 15) .  Both p h y s i c a l  a d s o r p t i o n  and chemisorp- 
t i o n  i n v o l v e  a n  e q u i l i b r i u m  between a d s o r p t i o n  and d e s o r p t  i o n .  
G e n e r a l l y ,  t h e  amount o f  a d s o r b e d  g a s  i n  c o a l  i n c r e a s e s  w i t h  r a n k ,  and 
i s  i n f l u e n c e d  by p r e s s u r e ,  t e m p e r a t u r e ,  d e g r e e  o f  f r a c t u r i n g ,  and t h e  
p e r m e a b i l i t y  o f  t h e  a d j a c e n t  s t r a t a  ( 3 4 ) .  Movement o f  gases  o u t  of  t h e  mic ro -  
p o r e s  f o l l o w s  F i c k ' s  Law o f  d i f f u s i o n ;  i f  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  concen- 
t r a t  i o n - i n d e p e n d e n t  and a d s o r p t i o n  obeys  Henry ' s  Law, t h e n  
where  q '  i s  t h e  volume f low r a t e ,  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t ,  C i s  gas  
c o n c e n t r a t i o n ,  A i s  t h e  a r e a ,  and L i s  t h e  p a t h  l e n g t h  (8, 3 2 ) .  Movement o f  
g a s e s  i s  a l s o  c o n t r o l l e d  by t h e  change i n  t h e  a d s o - r p t i o n - d e G r p t i o n  e q u i l i -  
brium w i t h  changes  i n  p r e s s u r e .  The number o f  d e s o r b i n g  molecu les  i s  r e l a t e d  
t o  t h e  a c t i v a t i o n  ene rgy  o f  d e s o r p t i o n ,  t h e  a d s o r b a t e  d e n s i t y ,  t h e  permea- 
b i l i t y  and s u r f a c e  a r e a  of  t h e  s o l i d ,  a s  w e l l  a s  t h e  change i n  p r e s s u r e  (36). 
Flow t h r o u g h  t h e  f r a c t u r e  sys t em i s  assumed t o  f o l l o w  D a r c y ' s  Law: 
where K i s  t h e  f r a c t u r e  p e r m e a b i l i t y ,  4P i s  t h e  change i n  p r e s s u r e ,  and u i s  
t h e  dynamic g a s  v i s c o s i t y  (34 ) .  - 
When c o a l  i s  removed from a bed ,  gas  emiss ion  depends upon t h e  crack 
and pore  s t r u c t u r e  and on the s i z e  of t h e  c o a l  p a r t i c l e s .  The t o t a l  volume 
o f  gas g i v e n  o f f  i n c r e a s e s  wi th  t i m e ,  whereas t h e  r a t e  of gas emiss ion  
d e c r e a s e s .  For  t h e  t o t a l  volume of gas g i v e n  o f f ,  
V t  = A [ 1  - e x p ( - t / t ,  )" ] f o r  l>n>O, 
where V, i s  t h e  t o t a l  volume of gas r e l e a s e d  per  mass of c o a l ,  A i s  t h e  i n i -  
t i a l  gas  c o n t e n t  o f  t h e  c o a l ,  to  i s  a time c o n s t a n t ,  t i s  t h e  t ime  a f t e r  the  
s t a r t  of  d e s o r p t i o n ,  and n i s  a n  e m p i r i c a l  f a c t o r .  G e n e r a l l y ,  t h e  volume of 
gas  e m i t t e d  i n c r e a s e s  r a p i d l y  then  approaches  a  c o n s t a n t  v a l u e ,  i n d i c a t i n g  a 
mechanism of  p r e s s u r e  r e l e a s e  fol lowed by d i f f u s i o n  (1). 
Gas e x i s t s  i n  c o a l  e i t h e r  adsorbed on t h e  i n t e r n a l  s u r f a c e  of  t h e  pores 
o r  f r e e  i n  t h e  p o r e s  and f r a c t u r e s .  The amount o f  gas r e t a i n e d  o r  emit ted  
depends on t h e  t e m p e r a t u r e ,  p r e s s u r e ,  degree  of  f r a c t u r i n g ,  p e r m e a b i l i t y  of 
t h e  c o a l ,  and p e r m e a b i l i t y  of t h e  a d j a c e n t  s t r a t a .  It i s  v e r y  d i f f i c u l t  t o  
comple te ly  d e g a s i f y  c o a l .  Even "nongas sy" c o a l s  c o n t a i n  s m a l l  amounts of 
adsorbed  hydrocarbons  (2). 
EXPERDENTAL METHOD 
The e x p e r i m e n t a l  method c o n s i s t e d  b a s i c a l l y  of  h e a t i n g  c o a l  samples a t  a 
c o n s t a n t  t e m p e r a t u r e  and ana lyz ing  t h e  gas produced. Seven samples of 
unweathered c o a l  ( t a b l e  2 )  were used .  Lower rank  c o a l s  were s e l e c t e d  because 
t h e s e  c o a l s  a r e  u s u a l l y  high i n  v o l a t i l e  m a t t e r .  Although v o l a t i l e  m a t t e r  i s  
n o t  d i r e c t l y  r e l a t e d  e i t h e r  t o  t h e  amount o f  gas con ta ined  i n  t h e  c o a l  o r  t o  
t h e  amount o f  hydrocarbon gas t h a t  can  be produced from t h e  c o a l ,  i t  should 
be  a n  i n d i c a t o r  o f  t h e  ease  w i t h  which hydrocarbon g a s e s  could be formed. To 
minimize  t h e  c o n t r i b u t i o n  of desorbed g a s e s ,  a l l  of  t h e  c o a l  samples were 
o b t a i n e d  from "nongassy" mines ; t h a t  i s ,  mines t h a t  had no d e t e c t a b l e  gas 
e m i s s i o n .  
TABLE 2 .  - D e s c r i p t i o n  o f  c o a l  samples 




S u b b i t .  
S u b b i t .  
HvCb 
HvCb 
' H V A ~  
HvAb 
H 
d a f ,  
pc t  
5 . 9  
4 . 8  
5 . 0  
5 . 9  
5 . 5  
5 . 2  










Loca t ion  
Mercer Co. , I l l .  . . 
Weld Co. , Colo . .  . . 
Weld Co . , Co l o .  . . . 
Monroe C o . ,  Iowa . .  
Lucas Co. , Iowa. . . 
Pres ton  Co.,W. Va. 
Allegheny C o . ,  Pa.  
S  eam 
No. 1 (Rock 
I s l a n d ) .  
Laramie No. 3 .  
Laramie No. 3 .  
Mammoth. . . . . . . 
U n c o r r e l a t e d  
bed .  
Upper F r e e p o r t  
P i t t s b u r g h . .  . . 
M o i s t u r e ,  
p c t  
1 3 . 9  
2 1 . 0  
2  1 . 8  
1 4 . 1  
1 7 . 5  
1 . 5  
. 9  
V . M .  
d a f ,  
p c t  
4 8 . 4  
4 1 . 3  
4 0 . 7  
5 2 . 2  
4 6 . 0  
3 5 . 4  
4 1 . 4  
Ash, 
d r y ,  
p c t  
1 7 . 5  
4 . 8  
5 . 1  
1 0 . 8  
1 0 . 6  
9 . 4  
6 . 6  
C 
d a f ,  
p c t  
74.2  
76 .3  
7 6 . 4  
8 3 . 0  
7 7 . 9  
8 6 . 2  
8 4 . 0  
Each sample was c r u s h e d ,  t h e  l a r g e s t  p i e c e s  be ing  abou t  1 / 4 - i n c h ,  t h e n  
p l a c e d  i n  a  vacuum o v e r n i g h t  a t  90" C t o  remove some o f  t h e  a d s o r b e d  g a s e s .  
Ten grams o f  each  c rushed  c o a l  was p l a c e d  i n  a  pyrex4 t e s t  t u b e .  The mouth 
o f  t h e  t e s t  t u b e  was cove red  w i t h  a  d o u b l e  l a y e r  of T e f l o n  t a p e .  The 
r ema in ing  c o a l  was s i e v e d  and samples  t a k e n  from t h e  60/80- and minus ZOO-mesh 
f r a c t i o n s .  A l l  samples were  p r e p a r e d  i n  t r i p l i c a t e .  
I n  t h e  p r e s e n c e  o f  oxygen,  c o a l  can  be o x i d i z e d  a t  any t e m p e r a t u r e ;  
t h e  r a t e  of  o x i d a t i o n  i n c r e a s e s  w i t h  i n c r e a s e d  t e m p e r a t u r e .  To minimize t h e  
e x t e n t  o f  o x i d a t i o n ,  e a c h  t u b e  was f l u s h e d  w i t h  n i t r o g e n  a t  40 m .  /min f o r  5  
min .  The t u b e s ,  i n c l u d i n g  a  b l a n k ,  were  l a i d  h o r i z o n t a l l y  o n  r a c k s  i n  a n  oven 
a t  125 22" C .  To l i m i t  t h e  amount o f  oxygen e n t e r i n g  t h e  t u b e s  and t o  p reven t  
t h e  a c c u m u l a t i o n  o f  hydroca rbon  g a s e s  i n  t h e  o v e n ,  n i t r o g e n  f l o w  was main- 
t a i n e d  t h r o u g h  t h e  oven a t  a  r a t e  of  20  ml /min .  A gas  sample was o b t a i n e d  by 
i n s e r t i n g  a  9- inch s t a i n l e s s  s t e e l  n e e d l e  a t t a c h e d  t o  a  d i s p o s a b l e  p l a s t i c  
s y r i n g e  t h r o u g h  t h e  T e f l o n  t a p e ,  t o  t h e  f a r  end o f  t h e  tube  and wi thdrawing 
1-1/2 m l  o f  g a s .  The hydroca rbon  c o n t e n t  o f  t h e  gas  was de te rmined  by gas 
chromatography , us i n g  a Poropak column and t h e  f lame i o n i z a t i o n  d e t e c t o r  (z) . 
One-hal f  m i l l i l i t e r  o f  g a s  was used t o  f l u s h  a  s t a n d a r d  5 / 8 - i n c h  n e e d l e ;  t h e n  
a  1-ml g a s  sample was i n j e c t e d  i n t o  t h e  ch romatograph .  The hydroca rbon  compo- 
s i t i o n  was c a l c u l a t e d  by comparing t h e  sample w i t h  a  s t a n d z r d  g a s  sample .  The 
gas  e v o l v e d  from each  sample was a n a l y z e d  a b o u t  once  e v e r y  2  weeks ,  and 
r e s u l t s  from t h e  t r i p l i c a t e  samples  i n  e a c h  s i z e  r a n g e  were a v e r a g e d .  A f t e r  
45 d a y s ,  t h e  t e m p e r a t u r e  o f  t h e  oven was r a i s e d  t o  150" C ,  and sampl ing  and 
a n a l y s i s  o f  t h e  gas was c o n t i n u e d  a t  t h i s  t e m p e r z t u r e  f o r  3 weeks.  S i n g l e  
lo-gram samples  o f  each  c o a l  i n  t h e  60/80 and minus -  and minus 200-mesh f r a c -  
tions were p r e p a r e d  i n  a  s i m i l a r  manner and p l a c e d  i n  a n o t h e r  oven a t  35" C .  
Sampl ing  and a n a l y t i c a l  p r o c e d u r e s  were  t h e  same a s  t h o s e  used a t  t h e  h i g h e r  
t e m p e r a t u r e .  Samples were m a i n t a i n e d  a t  t h e  low t e m p e r a t u r e  f o r  2 weeks. 
Because o f  i t s  s i m p l i c i t y ,  t h i s  sys tem had s e v e r a l  i n h e r e n t  s o u r c e s  o f  
e r r o r .  S i n c e  p r e s s u r e  was n o t  c o n t r o l l e d ,  a n  i n c r e a s e  i n  b a r o m e t r i c  p r e s s u r e  
would f o r c e  a i r  i n t o  t h e  sample  t u b e .  A change o f  25 rnm would e q u a l  0 . 0 6  x 
lom3 moles  o f  g a s  o r  2 . 8  p c t  . S i m i l a r l y ,  i f  t h e  t e m p e r a t u r e  of t h e  oven 
v a r i e d  5" C ,  t h e  number o f  moles  o f  g a s  i n  t h e  t u b e  would change 0 . 0 3  x 1 0 ' ~  
o r  1 . 4  p c t .  Each t ime  a  g a s  sample was removed, 1 . 5  m l  o f  a i r  was drawn 
i n t o  t h e  t u b e ,  d i l u t i n g  t h e  gas  2 . 9  p c t .  S i n c e  t h e  s y r i n g e  used was not  a  
p r e c i s i o n  g a s - t i g h t  s y r i n g e ,  sample volume c o u l d  be  i n a c c u r a t e  a s  much a s  
3 p c t .  The t o t a l  e r r o r  was e s t i m a t e d  a t  510 p c t ;  t h e  a c c u r a c y  o f  t h e  
ch romatograph ic  a n a l y s i s  was 0 . 1  ppm; t h e  q u a n t i t a t i v e  s e n s i t i v i t y  o f  t h e  
a n a l y s i s  was 0 . 0 1  ppm. 
* ~ e - f e r e n c e  t o  s p e c i f i c  b r a n d s - o f  equipment  i s  made f o r  i d e n t i f i c a t i o n  o n l y  
and does  n o t  imply endorsement  by t h e  Bureau o f  Mines .  
RESULTS 
Each 1 - m l  sample o f  gas  d e r i v e d  from t h e  c o a l s  a t  35" C ( t a b l e  3)  
c o n t a i n e d  between 4  and 7 ppm t o t a l  hydrocarbons  of  which 9 9 . 5  p c t  was methane 
w i t h  e t h a n e  and t r a c e  amounts o f  h i g h e r  hydrocarbons .  E t h y l e n e  was n o t  
d e t e c t e d  i n  any  o f  t h e  samples .  A combined v a l u e  i s  g i v e n  f o r  propane  and 
p r o p y l e n e  because  t h e  ch romatograph ic  sys tem used d i d  n o t  c o m p l e t e l y  s e p a r a t e  
t h e s e  compounds. 
TABLE 3 .  - Average c o m p o s i t i o n  o f  hydrocarbon g a s e s  evo lved  
from c o a l  a t  35" C ,  ppm 
....... C o a l  sample  
CH, . . . . . . . . . . . . . . . .  
c2 H4. . . . . . . . . . . . . . .  
C2 H, . . . . . . . . . . . . . . .  
C3H ,............... 
C3H8. ............,. 
U n i d e n t i f i e d  
4 . 2  - 





' sample numbers r e f e r  t o  t h o s e  i n  t a b l e  2 .  
2 T o t a l  hydroca rbon  c o n t e n t  of  1 - m l  sample.  
3 . 8  - 
. 0 1  
T r a c e  
- 
4 . 3  
The g a s  produced from t h e  c o a l s  a t  125" C  showed o n l y  s m a l l  v a r i a t i o n s  
i n  c o m p o s i t i o n  o v e r  t h e  45-day p e r i o d  (3 t o  15 ppm t o t a l  hydroca rbons  p e r  
1 - m l  s a m p l e ) ,  w i t h  g e n e r a l l y  good agreement  f o r  t h e  t r i p l i c a t e  s a m p l e s .  The 
a v e r a g e  c o m p o s i t i o n  of t h e  hydroca rbon  gas from each  c o a l  i s  g i v e n  i n  p a r t s  
p e r  m i l l i o n  p e r  1 - m l  sample i n  t a b l e s  4  th rough  6 .  A l though  t o t a l  h y d r o c a r -  
bons d e r i v e d  from t h e  v a r i o u s  s i z e  f r a c t i o n  d i d  n o t  show l a r g e  d i f f e r e n c e s ,  
g e n e r a l l y  more  hydrocarbons  were  produced from t h e  s m a l l e r  s i z e  sample 
( f i g .  2 ) .  A l s o ,  t h e  p e r c e n t a g e  of  methane i n  t h e  hydroca rbon  g a s  d e c r e a s e d  
w i t h  i n c r e a s i n g  s u r f a c e  a r e a  of  t h e  c o a l  sample f o r  t h e  m a j o r i t y  o f  c o a l s .  
Fo r  example ,  i n  sample 1, a t  125" C, t h e  hydrocarbon g a s  from t h e  u n s i z e d  
f r a c t i o n  c o n t a i n s  47 p c t  me thane ,  t h e  60/80-mesh f r a c t i o n  c o n t a i n s  2 9  p c t  
m e t h a n e ,  a n d  t h e  minus 200-mesh f r a c t i o n  c o n t a i n s  2 1  p c t  me thane .  The r a t i o  
o f  methane  t o  t o t a l  hydrocarbons  a t  125' C d e c r e a s e d  a t  l e a s t  20  p c t  r e l a t i v e  
t o  t h e  r a t i o  a t  35' C ,  and  t h e  p e r c e n t a g e  o f  methane v a r i e d  i n v e r s e l y  w i t h  
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K E Y  
a Unsized 
66080 mesh 
Minus ZOO mesh 1 
COAL SAMPLES 
FIGURE 2. - Total hydrocarbons, 125OC. 
TOTAL HYDROCARBONS, ppm 
FIGURE 3. - Concentration of methane versus total 
hydrocarbons, 1 2 5 O  C. 
For a l l  samples t h e  C2 
through C5 hydrocarbons 
show a d i s t i n c t i v e  d i s t r i -  
b u t i o n  of c o n c e n t r a t i o n  
v e r s u s  carbon number. The 
average  normal ized d i s t r i -  
b u t i o n  i s  shown i n  f i g u r e  4.  
E t h a n e ,  e t h y l e n e ,  and pro- 
pane-propy l e n e  a r e  present  
i n  approx imate ly  equal  con- 
c e n t r a t i o n .  Of t h e  C, i s o -  
mers ,  t h e  c o n c e n t r a t i o n  of 
i s o b u t a n e  was 10 t o  15 
t imes  g r e a t e r  than  t h a t  of 
n-butane,  and only  one of 
the .  t h r e e  C, isomers was 
d e t e c t e d .  I s o b u t a n e  and 
pen tane  were u s u a l l y  more 
abundant t h a n  any of t h e  
o t h e r  hydrocarbons except 
methane. I n  c o a l  sample 6 ,  
f o r  t h e  60180-mesh and 
minus 200-mesh f r a c t i o n s ,  
t r a c e  amounts of an uniden- 
t i f i e d  compound were a l s o  
d e t e c t e d ,  and many of t h e  
samples produced a  t r a c e  
amount o f  1-butene. 
When t h e  temperature  
o f  t h e  oven was r a i s e d  t o  
150" C , t h e  hydrocarbon 
c o n t e n t  o f  t h e  gas 
i n c r e a s e d  by from 4 t o  150 
ppm ( t a b l e s  7-9). Methane, 
i s o b u t a n e  , and pentane gen- 
e r a l l y  showed t h e  g r e a t e s t  
i n c r e a s e .  The u n i d e n t i f i e d  
compound t h a t  e l e u t e d  a f t e r  
t h e  propane-propylene peak 
was found more f r e q u e n t l y  
t h a n  a t  125O C ,  but  1- 
bu tene  was n o t  d e t e c t e d  a t  
150" C .  The average  normal- 
i z e d  d i s t r i b u t i o n  o f  t h e  
t o t a l  i n c r e a s e  i n  hydro- 
c a r b o n s  i s  shown i n  f i g -  
u r e  5. Methane,  i sobu tane ,  
and pentane c o n s t i t u t e  over 
75 p c t  of t h e  t o t a l  - - 
i n c r e a s e  i n  hydrocarbons and 
methane decreases  wi th  
i nc r ea sed  t o t a l  hydrocar- 
bons ( f i g .  6 ) .  Gases from 
coa l  samples 2 and 3 
(Laramie seam, uns ized)  
were no t  inc luded  i n  the  
c a l c u l a t i o n s  of the  average 
change because over 90 pct  
of t h e  e x c e p t i o n a l l y  l a r g e  
i n c r e a s e  i n  hydrocarbon 
con t en t  was pentane. For 
CH4 CpH4 C2H6 C3Hs i-C4HI0 II-C4HI0 C5HI2 a l l  o t h e r  samples t h e  
C3H8 average i n c r e a s e  was 
approximately  equal  f o r  
FIGURE 4. - Average normalized distribution of hydro- methane, i sobutane  , and 
carbon gases, 1 2 5 O  C. pentane. 
TABLE 7. - Hydrocarbon compos i t ion ,  unsized f r a c t i o n ,  150" C ,  ppm 
l ~ o t a l  hydrocarbon c o n t e n t  of 1 - m l  sample. 
TABLE 8 .  - Hydrocarbon compos i t ion ,  60/80-mesh f r a c t i o n ,  150" C ,  ppm 
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8 .1  
1 .3  
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............. Coal s a m ~ l e .  
CH4................e.0... 
C2H4. .  ................... 
C2H 6 . 0 . . . . . . . . . . . . .  ..... 
C3H 6..................... 
C3H B..................... 
U n i d e n t i f i e d  con-,pound.. .. 
i-C,Y o.................. 
1-C,H,.. ................. 
n -C4 % ................ .. 
C,t$ ..................... 
~ o t a l ' .  ............... 
' ~ o t a l  hydrocarbon con t en t  of  1 - m l  sample.  
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11.9 
- 6  
2 .5  
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1 . 3  - 
11 .3  
- 
2.6 - 

















C,H e-............... ........ 
U n i d e n t i f i e d  compound ...... 
i - C 4 Y  ,...... .............. 
1-C4HB..  .................... 
n-C4y .. ................... 
C , Y ,  ...................... 
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22.0 
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, 2  
6.4 
34.1 
TABLE 9 .  - Hydrocarbon c o m p o s i t i o n ,  minus 200-mesh f r a c t i o n ,  150" C ,  ppm 
' T o t a l  h y d r o c a r b o n  c o n t e n t  o f  I-ml sampie .  
CH4 C2 H4 C2H6 C3H6 Unidentified i-C4HI0 n-C4HI0 C5HI2 
C3H8 
comp.ound 
FIGURE 5. - A v e r a g e  n o r m a l i z e d  d i s t r i bu t i on  of toto I i n c r e a s e  in hydrocarbon g a s e s ,  
AT = 125' t o  1 50° C. 
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1 . 3  
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4 .5  
19 .6  
6 
9 . 5  
1 .9  
1 .3 
1 . 8  
1 .6  
1 .6  
o 
.7  
1 .0  
19 .4  
7 
1 0 . 3  
5 . 3  
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38 .0  
4 
5 . 5  
2.7 
1.3 
1 .9  
T r a c e  
8 . 8  
o 
T r a c e  
7 . 5  
27 .7  
C o a l  s a m p l e . .  ............. f 1 2 
8 .0  
2.5 
.7 
1 . 2  
- 
4.7 - 
. 2  
9 . 4  
C H , . . . . . . . . . . . . . . . . . . . . . . .  
C2H,. ..................... 
C2 H6 ...................... 
C3H 6...................... 
C,K, ...................... 
U n i d e n t i f i e d  compound. .... 
i - C , q ,  ................... 
1-C4H,. ................... 
n-C4H30..... . . . . . . . . . . . . . .  
C,H1, ..................... 
3 
7 . 7  
1 . 8  
o 
1 . 3  
T race  
2 .5  - 
Trace 
7 .8  
9.9 
3.7 
3 .9  





21.1 ~ o t a l l . .  .............. ' 38.9 1 26.7 
TOTAL HYDROCARBONS, ppm 
FIGURE 6. - concentration of methane versus toto I hydrocarbons, 150' C. 
DISCUSSION 
Although t h e  t o t a l  amount o f  gases  der ived  from t h e  c o a l  samples was 
s m a l l ,  (16 t o  60 ppm t o t a l  hydrocarbons per  gram of c o a l ) ,  t h e  r e l a t i v e  
composi t ion of t h e  gases  was s i g n i f i c a n t .  A t  35' C ,  t h e  gas was p r ima r i l y  
methane. A t  125" C ,  methane composed l e s s  than 50 pc t  of t h e  hydrocarbon 
gas .  I n  o rde r  o f  dec r ea s ing  c o n c e n t r a t i o n ,  the  components of t h e  gas were 
methane,  pen tane ,  i s o b u t a n e ,  propane-propylene,  e t hane ,  e t h y l e n e ,  t r a c e  
amounts o f  1 -bu tene ,  and a n  u n i d e n t i f i e d  compound, 
When the  t empera ture  o f  t h e  oven was r a i s e d  from 125' t o  150° C ,  t h e  
amount o f  hydrocarbon gases  i n c r e a s e d  ( f i g .  7 ) .  A s  a t  t h e  lower t empe ra tu r e ,  
d i f f e r e n c e  i n  t o t a l  hydrocarbons w i t h  p a r t i c l e  s i z e  were n o t  l a r g e ,  Averaged 
over  a l l  samples excep t  2  and 3 u n s i z e d ,  methane, i sobu t ane ,  and pentane 
c o n s t i t u t e  over 75 pc t  of  t h e  t o t a l  i n c r e a s e  i n  hydrocarbons.  Samples 2  and 3 
u n s i z e d ,  which came from d i f f e r e n t  mines i n  t he  same seam, showed an excep t ion-  
a l l y  l a r g e  i n c r e a s e  i n  t h e  amount of  pentane r e l ea sed  a t  150° C ,  a l though  t h e  
c o n c e n t r a t i o n  o f  pentane a t  125O C d i d  no t  d i f f e r  s i g n i f i c a n t l y  from t h a t  of 
o t h e r  samples. 
The r e t e n t i o n  t ime and peak shape of t he  u n i d e n t i f i e d  compound l i s t e d  
between propane-propylene and i s o b u t a n e  i n d i c a t e s  t h a t  i t  i s  a  low-molecular- 
weight  hydrocarbon,  probably n o t  a c e t y l e n e ,  poss ib ly  propyne (HC=CCH,) o r  1, 
2 propadiene ($ C=C=C% ) , which- have - t h e  same molecu la r  weight  and s i m i l a r  
b o i l i n g  p o i n t s .  It i s  a l s o  p o s s i b l e  t h a t - t h e  compound i s  an a l coho l  o r  some 
o t h e r  o r g a n i c  compound. S i m i l a r i t i e s  i n  molecu la r  weight and b o i l i n g  p o i n t s  
i n  a d d i t i o n  t o  t h e  smal l  amount o f  t h e  compound a v a i l a b l e ,  makes p o s i t i v e  
i d e n t i f i c a t i o n  d i f f i c u l t .  
A t  125" C, t r a c e s  o f  
1-butene were found cons i s -  
t e n t l y ,  bu t  i t  was n o t  
d e t e c t e d  i n  any of t h e  gas  
samples a t  150" C. The 
6 0 / 8 0  mesh d i sappearance  o f  t h e  1- 
Minus 2 0 0  mesh butene peak i n  c o n j u n c t i o n  
w i t h  t h e  i n c r e a s e  i n  n- 
butane s u g g e s t s  t h a t  1- 
butene c o u l d  r e a c t  w i t h  
hydrogen t o  form n-butane.  
A t  125" C t h e  r a t e  of f o r -  
mation may be s l i g h t l y  
g r e a t e r  t h a n  t h e  r a t e  of 
convers ion  t o  n-butane , 
whereas a t  150" C t h e  r a t e  
of convers ion  i s  g r e a t e r  
than  t h e  r a t e  o f  fo rmat ion  
o r  d e s o r p t i o n  of 1-butene.  
Only one C, i somer  was 
d e t e c t e d .  Because of t h e  
smal l  d i f f e r e n c e s  i n  gas 
chromatographic  r e t e n t  i o n  
t ime ,  whether  t h e  compound 
i s  i s o p e n t a n e  , neopentane , 
o r  n-pentane cannot  be 
determined i n  t h i s  e x p e r i -  
I 2 3 4 5 6 7 ment. T h e r e f o r e ,  i t  i s  
COAL SAMPLES l i s t e d  o n l y  a s  pentane 
FIGURE 7. - Total hydrocarbons, 150° C. ( C s % a  - 
A t  b o t h  t e m p e r a t u r e s ,  
changes  i n  hydrocarbon c o n c e n t r a t i o n  w i t h  t ime  were r e l a t i v e l y  s m a l l  and n o t  
c o n s i s t e n t ,  a p p a r e n t l y  a f f e c t e d  by t h e  c o n c e n t r a t i o n  of CO, formed by ox ida-  
t i o n  o f  t h e  c o a l .  Th-e d i s t r i b u t i o n  of t h e  hydrocarbons was n o t  t i m e - r e l a t e d .  
P rev ious  a n a l y s e s  of c o a l  g a s e s  have n o t  i n d i c a t e d  high c o n c e n t r a t i o n s  o f  t h e  
C, and C, compounds, n o r  have t h e y  shown a  p r e f e r r e d  isomer.  
The d i s t r i b u t i o n  of g a s e s  does n o t  cor respond  t o  t h e  b o i l i n g  p o i n t s  o r  
h e a t s  o f  fo rmat ion  of t h e  hydrocarbons  ( t a b l e  1 0 ) .  I f  hydrocarbon g a s e s  a r e  
formed d u r i n g  t h e  exper iment  by d i s s o c i a t i o n  of a  l a r g e  a l i p h a t i c  c h a i n  i n t o  
s h o r t e r  hydrocarbon f r a g m e n t s ,  i t  may be assumed t h a t  t h e  amount o f  each 
hydrocarbon shou ld  i n c r e a s e  w i t h  decreased  h e a t  of format ion.  Although 
d i s s o c i a t i o n  o f  c o a l  i s  b e l i e v e d  t o  occur  r e a d i l y  dur ing  low-temperature  
- c a r b o n i z a t i o n ;  i t  has  -been s u g g e s t e d  t h a t -  e v e n  t h e  l a r g e  t a r - m o l e c u l e s  - 
produced d u r i n g  c a r b o n i z a t i o n  a r e  desorbed o u t  of t h e  micorpore  s t r u c t u r e  
r a t h e r  t h a n  formed from t h e  c o a l  (46). 
TABLE 10. - Boi l ing  po in t  and h e a t s  of  fo rmat ion  of 
hydrocarbon gases1 
Hydrocarbon pe oil in^ p o i n t ,  c lAHf , kcal/rnole 
CH4 (methane).  ........... 
C,H4 (e thy lene) .  ......... 
............ C,H, ( e thane)  
C3H6 ( propylene) ......... 
C,H, (propane) ........... 
1, 2C3H4 ( 1 , 2  propadiene)  
C3H4 (propyne).. ......... 
i-C,Yo ( i sobutane) .  ..... 
1-C4H, (1-butene).  ....... 
. n-C,l$. (n-butane) ........ .. n e ~ - C ~ l $ ~  (neopentane).  ...... i - C 5 q a  ( i -pentane)  
C,Y, ( pentane). ......... 
'Weast , R. C. ( ed . ) .  Handbook of Chemistry and Phys i c s ,  
CRC P re s s ,  Cleveland,  Ohio,  54th e d . ,  1973-74, pp. C75- 
C542, D76. 
Comparing t h e  d i s t r i b u t i o n  of gases  wi th  t h e i r  h e a t s  of  adsorp t ion  on 
ca rbon  b l a c k  ( t a b l e  11) g ive s  a  s l i g h t  i n d i c a t i o n  t h a t  de so rp t i on  may be a  
s i g n i f i c a n t  p rocess  during t h e  experiment.  I n  most de t e rmina t i ons  of 
l i m i t i n g  i s o s t e r i c  hea t s  of  ad so rp t i on  on carbon b l a c k ,  d i f f e r e n c e s  f o r  
e thane-e thy lene  (0 .2  kcal/mole) and propane-propylene (0 .03 kcal/mole) a r e  
s m a l l ,  i n d i c a t i n g  t h a t  t he se  compounds would desorb a t  approximately  t h e  
same r a t e .  There i s  a  l a r g e r  d i f f e r e n c e  i n  t h e  h e a t s  of  a d s o r p t i o n  of t he  
C, i somers  (0 .5  kcal /mole) ,  wi th  i sobutane  having t h e  lower h e a t  of 
a d s o r p t i o n .  Heats  of ad so rp t i on  f o r  t h e  C, isomers v a r y  a  t o t a l  of  1 .8  
kca l /mo le ,  i n  t h e  o rder  neopentanec isopentanea-pentane ,  i n d i c a t i n g  t h a t  
neopentane may be more r e a d i l y  desorbed. However, t h e  complete  absence o f  
two pen tane  isomers cannot be exp l a ined  by d i f f e r e n c e s  i n  t h e  hea t  of 
a d s o r p t i o n .  S ince  t he  hea t  of a d s o r p t i o n  i n c r e a s e s  w i t h  ca rbon  number, 
d e s o r p t i o n  does n o t  exp l a in  t h e  predominance of  C4 and C, hydrocarbons.  
Whether t h e  hydrocarbon gases  were formed o r  desorbed du r ing  t he  
exper iments  cannot  be determined from t h e  d a t a  ob ta ined .  I f  they a r e  
desorbed from t h e  c o a l ,  t h e  gases  t hen  must have been fo rmed- in  some 
p r ev ious  s t a g e  o f  c o a l i f i c a t i o n .  Determining t h e  mechanism ( s )  of hydro- 
ca rbon  e v o l u t i o n  a t  low tempera tures  i s  beyond t h e  scope of  t h i s  experiment.  
TABLE 11. - Heats  o f  a d s o r p t i o n  ( Q , )  of hydrocarbon on 
- 
carbon  b l ack ,  kca l  /mole1 
Adsorbate d i  co r c i a2  Hoory3 Ross4 ~ a l a s h n i k o v a '  
CH4.. ........ 3.020 3.13 3 .11 
C2H4.. ....... - 4.390 4.40 4.30 
C,H ,......... 4.70 4.600 3.78 4.53 
C,H, ......... - 5.900 - - 
C3H ,......... 5 . 9 0 , 6 . 1 0  5.870 6.26 5.93 
i-C,Yo.. .... 6.80, 6.95 6.910 - 6.95 
n-C,y o. . . . . .  7 . 3 5 , 7 . 5 4  7.450 8.10 7.21 
l-C,H,. ...... - 6.95 
neo-C,y,. ... - - - 6.85 
i-C,%, ...... - - 8.04 
n-C,y2.. .... 8.41, 8.43 - 8.61 8.67 
'For purposes of d i s c u s s i o n  i t  i s  assumed t h a t  h e a t s  of 
ad so rp t i on  on carbon b l ack  and coa l  a r e  s i m i l a r ,  even 
though coa l  i s  known t o  be a l e s s  homogeneous adsorbent .  
It i s  a l s o  assumed t h a t  a d s o r p t i o n  i s  a r e v e r s i b l e  
p rocess  w i th  t h e  h e a t  o f  de so rp t i on  equal  t o  minus the  
h e a t  of adsorp t ion .  
d i  Co rc i a ,  A .  , and R. Samperi. Hydrogen-treated Graphi- 
t i z e d  Carbon Black. L i m i t i n g  I s o s t e r i c -  Heats and 
Entropy Charges Upon Asdorp t ion  o f  Hydrocarbons. 
J. Phys. Chem., v. 77 ,  1973,  pp. 1301-1306. 
3 ~ o o r y ,  S. E. , and J. M. P r a u s n i t z .  Adsorption of  Hydro- 
carbons on Graph i t i z ed  Carbon. Trans. Faraday Soc. , 
v. 63 ,  1967, pp. 455-460, 
*Ross,  S. , J. K. Sae lens  , and J. P. O l iv i e r .  On Phys ica l  
Adsorpt ion X V I I X .  L imi t i ng  I s o s t e r i c  Heats of Adsorp- 
t i o n  of Gases on G r a p h i t i z e d  Carbon by t h e  Chromato- 
g r aph i c  Method. J. Phys. Chem., v. 66,  1962, pp. 696- 
700, 
5 ~ a l a s h n i k o v a ,  E. Va., A. V. Kese lev ,  R. S. Petrova, .  and 
K. D, Scherbokova. (Gas Chromatographic I n v e s t i g a t i o n  
of t h e  Adsorption E q u i l i b r i u m  o r  Graphi t i zed  Thermal 
Carbon Black, I. Henry Cons tan t s  and Heats of Adsorp- 
t i o n  of C1 - C,. Hydrocarbons a t  Zero Coverage.) Chro- 
matographia ,  v .  4 ,  1971,  pp, 495-500. 
SUMMARY 
not 
Although i t  could/be determined i f  t h e  gases were being desorbed o r  
formed, t h e  da ta  ob ta ined  from t h i s  exper iment  show t h a t  i n  a d d i t i o n  t o  
methane,  most of t h e  C2 through C5 hydrocarbons a r e  formed dur ing  c o a l i -  
f i c a t i o n .  O f  t h e  C, through C5 compounds, i sobutane  and one of the  
pen tane  isomers a r e  appa ren t l y  formed more r e a d i l y  than  o t h e r  hydrocarbons. 
Th i s  i n d i c a t e s  ?ha t  t h e  mechanisms by which hydrocarbon gases  a r e  produced 
d u r i n g  c o a l i f i c a t i o n  a r e  more complex t h a n  s imple  demethanation. 
I 
T h i s  expe r imen t  h a s  shown t h a t  i t  i s  p o s s i b l e  t o  s t u d y  g a s  e v o l u t i o n  
f rom c o a l  i n  r e a s o n a b l y  s h o r t  p e r i o d s  of  t i m e  a t  t e m p e r a t u r e s  below 200" C ;  
howeve r ,  t o  o b t a i n  a c c u r a t e  r e s u l t s ,  s u c h  e x p e r i m e n t s  s h o u l d  be per formed 
i n  a  c l o s e d ,  oxygen-f ree  s y s t e m ,  p r e f e r a b l y  i n  a n  i n e r t  a tmosphe re  a t  a  
c o n t r o l l e d  p r e s s u r e .  More e l a b o r a t e  e x p e r i m e n t s ,  more e x p e n s i v e  i n  t e r m s  
o f  t i m e  and  equ ipmen t ,  a r e  n e c e s s a r y  t o  o b t a i n  a d d i t i o n a l  i n f o r m a t i o n  abou t  
t h e  f o r m a t i o n  o f  hyd roca rbon  g a s e s  i n  c o a l .  
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